
A218 700

AFWAL-TR-89-2011, Volume II

DEVELOPMENT OF HIGH-ACTIVITY
PARA- TO ORTHO-HYDROGEN

VOLUME II DTICIfELECTENE
MARO 21 ,90!

James F. White CS,
Air Products and Chemicals, Inc. S
Allentown, PA 18195

28 September 1989

Final Report for Period August 1987 - October 1988.

Approved for public release; distribution is unlimited.

'Ara%#% Af hlr.I e'lrnU AUA f~fWJCO S ADflDAT'OV

IiLKU rKr~UrL%?&US n e rwmi 1l- %,uA~is

WRIGHT RESEARCH AND DEVELOPMENT CENTER
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433-6563

90 03 01 047



NOTICE

When Government drawings, specifications, or other data are
used for any purpose other than in connection with a definitely
Government-related procurement, the United States Government incurs
no responsibility or any obligation whatsoever. The fact that the
Government may have formulated or in any way supplied the said
drawings, specifications, or other data, is not to be regarded by
implication, or otherwise in any manner construed, as licensing the
holder, or any other person or corporation; or as conveying any
rights or permission to manufacture, use, or sell as patented
invention that may in any way be related thereto.

This report is releasable to the National Technical
Information Service (NTIS). At NTIS, it will be available to the
general public, including foreign nations.

This technical report has been reviewed and is approved for
publication.

F tL. M R, lLt, USAFCHREL.DANYChe
Project i xeer Fuels Branch
Fuels Branch Fuels and Lubrication Division

FOR THE COMMANDER

I3ENITO P. BOTTERI, Chief

F.,els and Lubrication Division

Aero Propulsion and Power Laboratory

If your address has changed, if you wish to be removed form
our mailing list, or if the addressee is no longer employed by your
organization, please notify WD Q[ WPAFB OH 45433-656 to help
us naintain a current mailing list.

Copies of this report should not be returned unless return is
required by security considerations, contractual obligations, or



UNCLASSIFIED
SECURITY CLAS$IFIATION OP THIS PAGE

REPORT DOCUMENTATION PAGE
is. REPORT SECURITY CLASS:FICATION lb. RESTRICTIVE MAXKINGS

UNCLASSIFIED None
2s. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTIONIAVAILASIUTY OF REPORTNone Approved for Public Release; Distribution
2b. DECLASSIFIAON/DOWNGRADING SCHEDULE Unlimited.

None
4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMIUENS)

None AFWAL-TR-C'?-2011, Vol II
65. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

Air Products & Chemicals, In . Wright Research & Development Center

6L ADDRESS (City, Ste, ip code) 7b. -ADDRESS (Ciy, SUte, .nd it IcPd

Allentown PA 18195 Wright-Patterson AFB OH 45433-6563

1a. NAME OF FUNOINGISPONSORING $b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATON WRIGT RESEARCH (0f apble)

AND DEVE1.OPME T CENTER - APPL WRDC/POSF F33615-87-C-2740
IC ADORESS(City, State, and ZIPCode) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNIT
62203F 3048 05 67

11. TIThE (Icue ewt Clss Oufiction)

Development of High-Activity Para- to Ortho-Hydrogen Conversioi Catalysts. Volume II. (U)
12. PERSONAL AUTHOR(S)

White. James F.
13s. TYPE OF REPORT it3b. TIME COVERED ' IA. DATE OF REPORT (Year, MonDy) iIs. PFAZE COUNT

Final iFROM 87Au201 TOROt1I 89 Sep 28 9
16. SUPPLEMENTARY NOTATION

Prepared under Air Products and Chemicals, Project No. 87-7-1568
17. COSATI CODES 8I. SUBJECT TERMS (Contkive on ro/e f Wnecemwy and WI by t* umber)

FIELD GROUP SUBGROUP / Para-hydrogen to ortho-hydrogen conversion, Hydrogen
21 08 01-- conversion catalysis, Hypersonic vehicle engines, Hydrogen

09 1 conversion catalystse(,4- <_
19. ABSTRACT (Continue on revee/ f necessay and idnwt y bkck number)

> Literature search results for para- to orthd-hydrogen conversion catalysis: Bibliography;
1910 to present by year of publication.. , - v,,.{ • (Z a - "-

20. DISTRIIUTIONIAVALASILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
91 UNCLASSIFIED/UNUMITED 0 SAME AS RPT. 0 DTIC USERS UNCLASSIFIED

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Inchde Are Code) 22c. OFFICE SYMBOL
JEFFY_ . _W)LF2. - I.t USAF Tn'iR~ TrViV I'-~~ pDY(flg

D Form 1473, JUN $6 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE

UNCLASSIFIED



FOREWORD

This work was prepared by Air Products and Chemicals, Inc. and describes the

work performed under Contract No. F33615-87-C-2740 during the period August

1987 through October 1988. The work was administered under the direction of

the Aeronautical Systems Division, Aero Propulsion and Power Laboratory,

Wright Research and Development Center (WRDC), Wright-Patterson Air Force Base

(WPAFB), Ohio. Jeffrey Moler, Lt (WRDC/POSF) was the Air Force Project

Engineer.

Mr. Oavtd Nahmias served as Air Products' Program Manager.

Two interim oral progress reports were presented to the Air Force on the

Task 1 and Task 2 efforts on January 21, 1988 and July 21, 1988,

respectively. In this written final report of the contract, the results from

Task 3 as well as those from Tasks 1 and 2 are reported.
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The transport properties and the equation of state of gaseous para and
ortho-hydrogen and their mixtures below 400K. E. G. 0. Cohen, N. 3.
Offerhaus, J. M. J. van Leeuwen, B. W. Roos, and J. de Boer. Physica 21,
737-9 (1955) (in English), C.A. 50, 9808 a.

Corrigan, T. E., Chem. Eng., 65, 200 (1955).

Hydrogen-activating enzymes of bacteria. A. Couper, D. 0. Eley, and A.
Hayward. Discussions Faraday Soc. No. 20, 174-84 (1955) (Pub.. 1956) C.A. 50,
14866 h.

The catalysis of the para-hydrogen conversion by zinc oxide. L. G. Harrison
and C. A. McDowell. Proc. Roy. Soc. (London) A228, 66-82 (1955),C.A. 49,
7947 b.

Parahydrogen conversion in solution. I. parahydrogen conversion by
metallorganic compounds. G. M. Schwab and J. Voitlander. Z. physik. Chem.
[N.F.] (Frankfurt) 3, 341-54'(1955), C.A. 49, 7435 e.

Nuclear spin-lattice relaxationin solid hydrogen. Tadashi Sugaware, Phys.
Rev. 100, 759 (1955). C. A. 50, 3078 d. cf. C.A. 49, 12955 h.

Trapnell, B. N. W., "chemisorptiong, p. 10, Butterworths, London, 1955.

Catalysis: Hydrogenation and Oehydrogenation. Paul H. Emmett, Reinhold
Publishing Corp., New York, N. Y. Vol. 3, 504 pp. (1955). Parahydrogen and
orthodeuterium conversions and the hydrogen-deuterium exchange. B. M. W.
Trapnell, Pages 148-101 references C.A. 49, 12753 a.

The ma netocatalytic effect of the ortho-para hydrogen conversion of nickel
catalysts. Gerhard Vieth , Z. Naturforsch, lOa, 330-9 (1955) C.A. 51, 4116 1.

32



1956

Kinetic studies with Darahydrogen. 6. Boocock and H. 0. Pritchard. 3. Phys.
Chem. 60, 1329-31 (1956). C.A .51, 3247 g.

Analysis of mixtures of ortho- and para-hydrogen and the catal'ytic conversion-
orthohvdrogen =- Parahydrogen. Mm~e. F. Botter and G.-Dirian. Commn. energie
atomique (France), Rappt. No. 589, 25 pp. (1956). C. A. 51, 16201 e.

Theory of the transport properties of Para-ortho mixtures in the gas phase.
E. G. D. Cohen and M. J. Offerhaus. Proc. Intern. Symposium Transport Process.
Statist. M~ech. Brussels 1956, 169-72 (Pub. 1958) C.A. 53, 13711 d.

The transport properties and the equation of state of gaseous Para- and
ortho-hydrogen and their mixtures below 400,. E. G. D. Cohen, M. J.
Offerhaus, J. M. J. van Leeuwen, B. W. Roos, and 3. de Boer. Physica 22,
791-815 (1956) C.A. 52, 106721f. cf. C. A. 50, 9808 a.

Heat conduction in solid hydrogen. R. W. Hill and B. Schneidmesser. Bull.
inst. intern. froid, Annexe 1956-2, 115-17. C.A. 52, 861 1.

Theory of the ortho-para conversion insolid hydrogen. Kazuko Mochizuki and
Takeo Nagamiya. J.-Phys. Soc. Japan 11, 93-104 (1956) C.A. 50, 9121 c.

Effect of self-diffusion on the ortho-para conversion in oxygen contaminated
solid hydrogen. Kazuko tMotizuki and Takeo Nagamiya. J. Phys. Soc. Japan '11'
654-6 (1956). -C.A. 51, 31 i. cf. C.A. 50, 9121 d.

Catalytic investigation of alloys. XVI. The parahydrogen conversion on
copper-palladium alloys. G. Rlenacker and 6. Vormum. Z. anorg. u. allgem.
Chem. j2, 287-98 (1956). C.A. 50, 11789,g cf. C.A. 48, 6049 1.

Behavior of dicyclopentadienyl and diindenvl metal-complexes toward the
Para-hydrogen conversion. Reply to the paper: 'Parahydrogen conversion in
solution" by G. N. Schwab and J. Voltlander. Ernst Ruch. Z. Physik. Chem.
(Frankfurt) N.F. 6, 356-70 (1956). C.A. 50, 7551 g. cf. S. and V., C.A. 49,
7435 e. Reply to the remark by E. Ruch. Jurgen Voitlander (Univ. Munich,-
Ger.). Ibid. 371-5.

Selwood, P. W., "Hagnetochemistry,m p. 157. Wiley (Interscience), New York,
19 56.

Selwood, P. W., J. Am. Chem. Soc. 78, 3893 (1956).

W. R. Smith and M. H. Polley, J. Phys. Chem., 60, 689 (1956).

Wei tzel, 0. H., Draper, J. W., et al., Advances in Cryogenic EngineeringL, Vol.
2, 12-18 (1956).

Weitzel, D. H., Proc. -Cryog. Eng. Conf., 2, 12 (-1956).

Iron catalyst for production of liguid parahydrogen. 0:~ H. Weitzel and 0. E.
Park., Rev. Sci Instr. 27, 57-8 (1956). C.A. 51, 7821 c. cf. Glauque, C.A.
49, 8633 e.
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The surface catalysis of the ortho- to para-conversion in hydrogen under
pressure at low temperatures. Douglas S. Chapin and Herrick L. Johnston, J.
Am. Chem. Soc. 79, 2406-12 (1957). C.A. 51, 12623 f.

Efficient utilization of ortho-para (hydrogen-converslon) catalyst. C. R.
Class, R. P. Spero, and G. E. McIntosh. Proc. Cryogenic Eng. Conf., 2nd,
Boulder 1957, 64-72. C. A. 52, 14302 f.

Parahydrogen conversion on copper, silver, and gold. 0. 0. Eley and D. R.
Rossington. Chemisorptlon, Proc. Symposium, Keele 1956 137-51 (Pub. 1957).
C.A. 52, 8706 d.

Nonideal-ity of liquid ortho-parahydrogen solutions. Harold L. Friedman. J.
Chem. Phys. 27, 220-3 (1957) C.A. 5.1, 17300 1.

Heat capacity of solid deuterium between 0.3 and 13*K. 0. 0. Gonzalez, David
White, and H. L. Johnston. J. Phys. Chem. 61, 773-80 (1957) C.A. 51, 14402 c.

P. Handler, Semiconductor Surface Physics, Univ. of Pennsylvania Press,
Philadelphia, 1957, p. 23.

Theory of the para-ortho transformation in solid deuterium. Kazuko Mochiiuki,
J. Phys. Soc. Japan 12, 163-60 (1957). C.A. 54, 8181 d.

R. E. Schlier and H. E. Farnsworth, Semiconductor Surface Physics, Univ. of
Pennsylvania Press, Philadelphia, 1957, p. 13.

Parahydrogen conversion on manganese dicyclopentadienyl at room temperature
and at -77. G. M. Schwab, J. Voitlander, and A. Baumel. Z. Physik. Chem.
(Frankfurt) 10, 343-6 (1957) C.A. 51, 11022 a. cf. C.A. 49, 7435 e.

The parahydrogen conversion by biradicals. G. M. Schwab and A. Baumel. Z.
physik. Chem. (Frankfurt) 10, 347-9 (1957). C.A. 51, 11022 b. cf. C.A. 48,
7400 1.

Conversion of ortho- to para-hydrogen on iron oxide-zinc oxide catalysts. R.
Eldo Svadlenak and Allen B. Scott. J. Am. Chem. Soc. 79, 5385-8 (1957) C.A.
52, 5947 d.

Catalysis of the ortho-parahydrogen conversion. D. H. Weitzel, J. W. Draper,
0. E. Park, K. D. Timmerhaus and C. C. Van Valin. Proc. Cryogenic Eng. Conf.
2ndi Boulder, 1956, 12-18 (Pub. 1957). C.A. 52, 17923 e.
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Reactions of parahvdrogen and of deuterium with glass surfaces.. G. S. Annis,*
H. Clough, and D. 0. Eley. Trans. Faraday Soc. 54, 194-9,(1958). C.A. 52,
17860 d.

D. E. G. Austen, D. J. E. Ingram, and J. G. Tapley, Trans. Faraday Soc., 54,
400 (1958).

CHEMABS patent 61002759s, Production and storage of converted hydrogen, Vander
Avend P.C., Air Products and Chemicals, Inc., Pat. No. US 3,094,390, Date
9/07/58.

Symmnetry effects in gas kinetics. II. Ortho- and Para-hydrogen. R. A.
Buckingham, A. R. Davies, and D. C. Gilles (Univ. Coil., London), Proc. Phys.
Soc. (London) 1. 457-69 (1958); cf. C. A. 49, 12092i. C.A. 54, 20386e.

Symmnetry effects in the kinetic theory of gaseous para-ortho mixtures. E. G.
D. Cohen and M4. 3. Offerhaus. Physica. 24, 742-50 (1958) (In English) C.A. 53.

The Darahydrogen conversion on metals. A. Couper, D. D. Eley, M4. J. Huiatt,
and D. R. Rosslngton. Bull. Soc. chim. Belges 67, 343-57 (1958) (in English).
C.A. 53, 5843 e.

Surface catalysis of the ortho to Para conversion in liquid hydroqen by
paramagnetic oxide' on alumina,. Clarence M. Cunningham and Herrick L.
Johnson. J. Am. Chem. Soc. 80, 2377-82 (1958). C.A. 52, 16851 b;

Cunningham, C. M. and Johnston, H. L., J. Am. Chemi. Soc. 80, 3277 (1958).

Separation of orthohydrogen from parahydrogen. and of Daradeuterium From
ortho-deuterium by preferential adsorption. Clarence M4. C-nirigham, Do~uglas
S. Chapin, and Herrick L. Johnston, J. Am. Chem. Soc.. 80, 2j82-4 (1958) C.A.
52, 16851 d. cf. C.A. 52, 16851 a.

H. E. Farnsworth, R. E. Schlier, J. H. George, and R. M4. Burger, J. ApD1.
Phys., 29, 1150 (1958).

Keeler, R. N., Timmcr.iaus, K. D., Proc. Cryog. Eng. Conf.., 4, 296 f1958).

The effect of oxygen molecules contained in solid hydrogen on the rate of
ortho-para conversion.. Kazuko Mochizuki and Takeo Nagamiya (Univ. Osaka). J.
Phys. Soc. Japan 14, 1639-40 (1959). C.A. 55, 21710h.

Separation of ortho-hydrogen and'parahydrogen. Win. R. Moore and Harold R.
Ward. J. Am. Chem. Soc. 80, 2909-10 (1958) C.A. 52, 17893 g.
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1958 Continued

Hindered rotation in adsorbed hydrogen. Adiabatic cooling by adsorbed
para-hydrogen. Y. L. Sandler. 3. Chem. Phys. 29, 97-9 (1958) C.A. 52, 17891
h.

J. Turkevich and 3. Laroche, Z. Physik. Chem., 15, 399 (1958).

Weitzel, D. H., Blake, J. H. and Konecnik, M., Flow Conversion Kinetics of
Ortho- and Para-Hydrogen. Advan. Cryog. Eng. 4, 286 (1958).

Weitzel, D. H., 3. Res. Nat. Bur. Std. A., 60, 221 (1958)."

Ortho-para catalysis in liquid-H production. 0. H. Weitzel, W. V.
Loebenstein, J. W. Draper, and 0. E. Park, J. Research Natl. Bur. Standards
60, 221-7 (1958). C.A. 52, 16850 f. (Research paper 2840).

Weitzel, 0. H., Ibid., 4, 286 (1958).

Weitzel, 0. H., Loebenstein, W. V., Draper, 3. W., and Park, 0. E., 3.
Research Natl. Bur. Standards 60, 2840 (1958).
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Statistical mechanics of solid and liquid mixtures of ortho- and paeahydrogen.
A. Beilmans and Agnessa Babloyantz. Mol. Phys. 2, 160-80 (1959). C.A: 53,
19502 h.

Surface catalysis of the ortho to Para conversion in hydrogen under pressure
at liquid-nitrogen temperature. Douglas S. Chapin (Ohio State Univ.,
Columbus).' Univ. Microfilms (Ann Arbor, Mich.), L. C. Card No. Mic 59-2712,
102 pp.; Dissertation Abstr. 20. 488-90 (1959). C.A. 53, 21100 1.

Surface catalysis of the ortho-para conversion in liquid hydrogen by
paramagnetic oxides on alumina. Clarence N. Cunningham (Ohio State Univ.,
Columbus). Uni,. Microfilms (Ann Arbor, Mich.), L. C. Card No. Mic 59-2758,
89 pp.; Dissertation Abstr. 20,, 1185-8 (1959), C.A. 54, 412 h.

Organic solids and heterogeneous catalysis. Electron transfer in
2.2-diphenyl-l-pilcrylhydrazyl. 'D. 0. Eley and H. Inokuchi (Univ. Nottingham,
Engl.). Z. Elektrochem. 63 29-34 (1959) (In English). C.A. 53, 7741c.

Hindered-rotator model for adsorbed hydrogen at low temperatures. Arthur A.
Evett (Univ. of Arizona, Tucson). J. Chem. Phys. 31, 565-6 (1959). C.A. 54,
2877e.

Z. 0. Jastrzebski, Engineering Materials, J. Wiley and Sons, New York. (1959),
p. 351.

A new arrangement for the ortho-para conversion of liquid'hydrogen in th,*
large CEL-NBS Liquefier. V. J. Johnson. Proc. Cryogenic Eng. Conif., 2nd,
Boulder 1956, 19-26 (Pub. 1957). C.A. 52, 11923 h.

Thermodynamic properties of H2 and 02 at temperatures between 1750 and 1500
and at densities up to 840 amagats. A. Michels, W. DeGraaff, and G. J.
Wolkers (Gemeente Univ., Amsterdam). Physlca 25, 1097-1124 (1959) (In
English). C.A. 54, 20453a.

Heat of adsorption of parahvdrogen and orthodeuterun on Graphon. E. 1. Pace
and A. R. Siebert (Western Reserve Univ., Cleveland, 0.). J. Phys. Chem. 63,
1398-1400 (1959) C.A. 54, C'248h.

Surface properties of germanium. Y. L. Sandler and M. Gazith (Westinghouse
Elec. Co., Pittsburg, Pa.), J. Phys. Chem. 63, 1095-1102 (1959). C.A. 54, 1051
C.

The magnetocatalytic effect. 111. Georg M. Schwab and Anton Kaiser (Univ.
Munich, Ger.) Z. physik. Chem. (Frankfurt) 22, 220-31 (1959); cf. C.A. 49,
10716 d. Chem. Abst. Vol. 54, 10480 a.

Scott. R. B... Crvoaenic Enalneerino. D.- Van Nostrand Co,. Tnc,.; Pr-inceton
(1959), p. 289.
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1959' Continued:

Nickel. CODpr, and some of -their a]o'S a-s-catalysts for ortho-Dara hydrogen
interconversion. Phoebe -B. Shallcross and Wa-er'Russell (Brown Univ.,
Providence, R.I.) J. Am. Chem. Soc-. 81, 4132-7 (1959) CA. 5, 14024 a.

Co'per. nickel and some of their alloys as catalysts for ortho-Para hydrogen
interconversion. Phoebe B. Shallcross -(Brown Univ., Providen .7e, R',I.)o. Univ.
Microfilms Dissertation Abstr. 19, 2245 (1959). C.A. 53, 10928 a.

Calculation of the rates of the ortho-pa-a conversion and IsotoDe-exchanges in
hydrogen. Isaiah Shavitt (Univ. of Wisconsin, Madison). 3. Chem. Phys. 31,*
1359-67 (1959). C.A. 54, 13827c.

Obtaining mixtures of ortho- and para-modifications of deutereim. A, i.
Shal'nikov. Pribory i Tekh. Esperimenta 1959, No. 1, 150. C.A. 53, 16621 i.

L. S. Singer, W. J. Spry, and W. H. Smith, Proceedings of the Third Carb6n
Conference, Pergamon Press, Oxford, 1959, p. 121'.

The heats of-vaporization of parahydrogen and orthodeuterlum from their
boiling points to their critical temperatures. David White, Jih-Heng Hu, and
Herrick L. Johnston (Ohio State Univ., Columbus). J. Phys. Chem, Va, 1181-3
(1959). C.A. 54, 60h.

G. A. Wolff and J. 0. Broader, Acta Crystalloor., 12, 313 (1959).
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1960

Statistical mechanics of solid and liquid mixtures of ortho- and para-hydrogen.
II. Agnessa Babloyantz and A. Bellemans (Univ. Brussels, Belg.). Mol. Phys.
3, 313-18 (1960); cf. C.A. 53, 19502h. C.A. 55, 11063i.

Second virial coefficients of ortho- and para-H2 at liquid-H temperatures.
3. J. M. Beenakker, F. H. Varekamp, and H. F. P. Knaap (Kamerlingh Onnes 'Lab.,
Leiden, Neth.). 26, 43-51 (1960) (In English). C.A. 54, 20385c.

Nuclear spin conservation in ortho-para hydrogen conversion. Doyle Britton
and Z. Z. Hugus, Jr. (Univ. of Minnesota, Minneapolis) J. Chem. Phys. 33.
1830-2 (1960). C.A. 55, 17227i.

The extreme sensitivity of paramagnetic sites to poisoning by desorbed gases
evaluated by the low-temperature ortho-parahydrogen conversion. Douglas S.
Chapin, C. Dick Park, and Myron L. Corrin (Univ. of Arizona, Tucson). 3. Phys.
Chem., 64, 1073-4 (1960). C. A. 55, 3159 h.

Transformation of ortho- to parahydrogen over solid catalysts. II. Reaction
in the liquid phase. R. A. Buyanov (Combined Inst. Nuclear Studies, Oubna).
Kinetika i Kataliz 1., 418-20 (1960); cf. C.A. 55, 2245 c. C.A. 56, 49 a.

The ortho- and para-conversion of H on solid catalysts. III. Catalysis by
rare earth hydroxides. R. A. Buyanov (Inst. Nuclear Research, Dubna)*
Kinetika i Kataliz 1, 617-19, (1960); cf. ibid. 418; C.A. 55, 2245 c.

Conversion of orthohydrogen to parahydrogen on solid catalysts at 78-64°K 1.
R. A. Buyanov. Kinetika i Kataliz 1. 306-12 (1960) C.A. 55, 2245 c.

A kinetics study of ortho-para-hydrogen conversion. R. N. Keeler, D. H.
Weitzel, J. H. Blake, &,d M. Konecnik (CEL Natl. Bur. of Standards, Boulder,
Colo.), Advances in Cryogenic Eng. 5. 511-17 (1960). C.A. 55, 6109 e.

P. L. Barrick, D. H. Weitzel, and T. W. Connolly, in Advances in Cryogenic
Engineering, Vol. 1. Plenum Press, New York (1960), p. 285.

L. Bonnetain, X. Duval, and M. Letort, Proceedings of Fourth Carbon

Conference, Pergamon Press, Oxford, 1960, p. 107.

Buyanov, R. A., Kinet. Catal. (USSR) 1, 306 (1960).

Buyanov, R. A., Kinet. Catal.. (USSR) 1, 578 (1960).

D. S. Chapin, C. D. Park, and H. L. Corrin, J. Phys. Chem., 64, 1073 (1960).

C. A. Coulson, Proceedinqs of the Fourth Carbon Conference, Pergamon Press,
Oxford, 1960, p. 215.

Hvdrous ferric oxide catalyst for converting ortho hydrogen to the para form.
Dwyer, R. F., Burdsall, C. H., Union Carbide Corp., Pat. No. US 3,132,000,
Date 28/11/60.
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1960 Cont'd:

M. R. Eriksson, M. S. Thesis, University of Colorado, Boulder, Colorado'(1960)..

H. E. Farnsworth and J. Marsh, Bull. Amer. Phys. Soc., 5, 349 (1960).

Influence of strongly cheimisorbed gases on the rates of the Para-hydrogen
conversion and the H2-02 exchange over Ni and Cu + Ni alloy catalysts.
Hall, W. K.; Lutinski, F. E.; Hassell, J.E.; Mellon Inst., Pa. USA, Trans.
Faraday Soc.; (64) 60 (502); p. 823-4; in Eng.

J. Koutecky and M. Tomasek, Phys..Rev., 120, 1212 (1960).

R. N. Keeler and K. D. Timmerhaus, Advances in Cryogenic Engineering, Vol. 4,
K. D. Timmerhaus (ed.), Plenum Press, New York (1960), p. 296.

R. N. Keeler and K. D. Timmerhaus, Advances in Cryogenic Engineering. Vol. 4,
Plenum Press, New York (1960), p. 302.

The catalytic activity of sodium tungsten bronzes. Loebl, E. M.; Jones, F.
T.; Polytechnic Inst. Brooklyn, N.Y., USA, U.S. Dept. Com. Office.Tech. Serv.,
PB Rept., 153, 147 (1960); in Eng.

Moore, W. R., Ward, H. R., J. Phys. Chem., 64, 832 (1960).

Moos, A. M., Ind. Eng. Chem., 52, 291 (1960).

S. Mrozowski and J. F. Andrew, Proceedings of the Fourth Carbon Conference,
Pergamon Press, Oxford, 1960, p. 207.

L. Pauling, The Nature of the Chemical Bond,.Cornell Univ. Press, New York,
1960.

J. R. Purcell, J. W. Draper, and D. H. Weitzel, Advances in Cryogenic
Engineering. Vol. 3, K. D. Timmerhaus (ed.), Plenum Press, New York (1960), p.
191.

G. M. Schwab and E. Killman, Actes Congr. Int. Catal. 2nd, 1, 1047 (1960).

L. E. Scott, M. S. Thesis, University of Colorado, Boulder, Colorado (1960).

G. Wagoner,. Phys. Rev., 118, 641 (1960).

G. Wagoner, Proceedings of the Fourth Carbon Conference, Pergamon Press,
Oxford, 1960, p. 197.

0. H. Weitzel, J. W. Draper, 0. E. Park, K. 0. Timmerhaus, and C. C. Van
Valin, Advances in Cryogenic Engineering, Vol. 2, K. D. Timmerhaus (ed.),
Plenum Press. New York (1960). a. 12.

Conversion of ortho- to parahydrogen. Weitzel, D. H.; Loebenstein, W. V.; US
Pat. No. 2,943,917; Date 5/07/60.
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1960 Cont'd:

Compilation of thermodynamic properties, transport properties. and theoretical
rocket performance of gaseous hydrogen. Charies R. King. NASA (Natl.
Aeronat. Space Admin.) Tech. Note D-275, 71 pp. (1960). C.A. 54, 13789f,

Metastable hydrogen molecules. William Lichten (Univ. of Chicago). Phys.
Rev. 120, 848z53 (1960). C.A. 55, 3186g.

Electron spin resonance (EPR) absorption of diphenylpicrylhydrazyl-zinc oxide
mixtures. Y. Matsunaga and C. A. McDowell (Univ. Brit. Columbia, Vancouver).
Can. 3. Chem. 38, 724-7 (1960). C.A. 54, 19172a.
Gas-solid chromatography of H2, HO, and 02. Isotopic separation and heats of
adsorption on alumina. William R. Moore and Harold R. Ward (Massachusetts

Inst. of Technol., Cambridge). 3. Phys. Chem. 64, 832 (1960). C.A. 54, 23600a.

Catalytic exchange H2-02 on dicyclopentadienylnickel. Pavel Jiru and Karel
Kuchynka (Cechoslov. Acad. Sci., Prague). Z. physik. Chem. (Frankfurt) 25,
286-7 (1960). C.A. 55, 5091b.

Separation of parahydrogen, orthohydrogen, hydrogen deuteride, orthodeuterium
and paradeuterium by gas adsorption chromatography. Takao Kwan (Hokkaido
Univ., Sapporo). 3. Research Inst. Catalysis, Hokkaido Univ. 8, 18-28 (1960);
cf. C.A. 54, 2985n., C.A. 55, 60c.

Conversion of ortho- to parahydrogen. Daniel H. Weitzel and n. V.
Loebenstein. U.S. 2,943,917, July 5, 1960. C.A. 54, 21683 c.

Theory of ortho-para hydrogen separation by adsorption at low temperatures.
isotope separation. David White and Edwin N. Lassettre, J. Chem. Phys. 32,
72.84 (1960) C. A. 54, 11631 g.

41



1961

Dear, J. W., A tabulation of the thermodynamic properties of normal hydrogen,
from low temperatures to 3000K and 1 to 100 atmospheres. NBS Te.chnical Note
120 (1961)

J. F. Kucirka and G. E. Schmauch, "Investigation of the Para-Ortho Shift of
Hydrogen", ASD Quarterly Progress Report IV, Contract No. AF 33(616)-7506
(July, 1961).

Johnson, V. J. (ed.). Properties of Materials at low temperatures (a.
compendium). Pergamon Press (1961).

Properties of Materials at Low Temperatures (a compendium). Johnson, V. J.
(ed.), Pergamon Press (1961).

A tabulation of the thermod namic properties of normal hydrogen from low
temperatures to 3000K and from 1 to 100 atmospheres. Dean. J. W.,-NBS
Technical] Note 120; Nov. 1961.

Studies on heat transfer in packed beds. Yagi, S.; Kunji, D.; Int.
Developments in Heat Transfer; p. 750; 1961 Part IV.

D. A. Seanor, Ph.D. thesis, Univ. of Bristol, England, 1961.

Vander Arend, P. C., Chem. Eng. Progr., 57, No. 10, 62 (1961).

Yagi, S. and Kinii, D. Studies on heat transfer in packed beds. Int.
Developments in Heat Transfer, Part IV, 750 (1961).

Calculation of absolute reacti'on rates. 0. K. Davtyan (1. 1. Nechnikov State
Univ., Odessa). Zhur. Fiz. Khim. 35, 1944-50 (1961) C.A. 56, 2026h.

Thermodynamic functions for parahvdrogen. R. D. Goodwin, D. E. Diller, H. M.
Roder, B. A. Younglove, and 1. A. Weber (Natl. Bur. of Stds., Boulder,
Colorado.). U.S. Dept. Coin., Office Tech. Serv., AD 262,673 77 po. (1961).
C.A. 58, 6254d.

Heat conductivity of gaseous mixtures of para-ortho hydrogen at 200K. K.
Hbinzinger, A. Klenmm, and L. Waldmann (Max-Planck-Inst. Chem., Mainz, Ger.).
Z. Naturforsch. 16a, 1338-42 (1961). C.A. 56, 14951h.

Radiation-induce- d effects in MgO catalysts. J. Hoigne and D. Ballantine
(Brookhaven Natl. Lab. Upton, N.Y.). U.S. At. Energy Corn. BNL 686 (T-233).
31 pp. (1961) C.A. 56, 2915 f.

Statistical-mechanical analysis of catalyzed hydrogenation of olefins and
associated reactions in the presence of metallic catalyst. Juro Horiuchi

-~ , 3p -* WrV-. . 1 wi I s, S.. ws~f. .~ 1 tS I

Paris, 1960 1, 1191-1210, discussion 1211 (Pub. 1961) (In English); cf. C.A.
29, 24318; 54, 23669f. C.A. 56, 982d.
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Kinetics of para-ortho hydrogen conversion and the use of this reaction in- the
study of the methani 'sm of catalytic Drocesses. S. L. Kiperman and I. R.
Davydova, Kinetika i. Kataliz 2, 762-72 (1961). C.A. 56, 12352 h.

Provisional thermodynamic functions for Darahydrogen. Hans M. Roder and
Robert D. Goodwill (Natl. Bur. of Stds., Boulder, Colo.), U.S. Dept. Corn,
office Tech. Sery., P. B. Rept. 161,631, 142 pp. (1961). C.A. 58, 8460b.

Hydrogen Transport property correlations. J. 0. Rogers, R. K. Zeigler, and P.
C. McWilliams (Los Alamos Sci. Lab., Los Alamos, N. Mex.). U.S. At. Energy
Comm. TIO-12, 633. 17 pp. (1961). C.A. 59, 9343d.

Thermodynamic properties of 20.40K -equilibrium hydrogen. 'A. Shaffer, and J.
Rousseau (Ai Res. Hanufg. Co., Los Angeles, Calif.). U.S.. Dept. Corn., Office
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